® 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 





(Ti) Publication number : 0 588 598 A1 



EUROPEAN PATENT APPLICATION 



(21) Application number: 93307231.6 

(22) Date of filing : 14.09.93 



© Int. CI. 5 : G01S 5/14 



(30) Priority : 15.09.92 US 945300 

(43) Date of publication of application : 
23.03.94 Bulletin 94/12 

@) Designated Contracting States : 
AT DE ES FR GB IT NL SE 

© Applicant : NAVSYS CORPORATION 
14960 Woodcarver Road 
Colorado Springs, Colorado 80921 (US) 



(72) Inventor : Brown, Alison K. 
3070 Dootle Road 
Monument, Colorado 80132 (US) 

@) Representative : Oliver, Peter Anthony 

BEACHCROFT STANLEYS 20 Furnival Street 
London EC4A 1BN (GB) 



(g) GPS precision approach and landing system for aircraft 



oo 
o 
m 

oo 
oo 
m 



Q. 
UJ 



(57) A GPS precision approach and landing sys- 
tem for aircraft employs a fixed ground facility 
and a single satellite navigation receiver on 
board the aircraft. The fixed ground facility 
includes a reference receiver that measures 
differential corrections to the satellite code and 
carrier measurements and a pseudolite that is 
employed to transmit these corrections to a 
broadband GPS receiver on board the aircraft 
and to provide an additional code and carrier 
measurement to assist in the navigation solu- 
tion. The pseudolite signal is broadcast at a 
frequency offset from the L1 GPS frequency in 
order to prevent interference with the satellite 
navigation system. The broadband GPS re- 
ceiver on board the aircraft is capable of mak- 
ing phase coherent measurements from the 
GPS satellites, the pseudolite signal, and the 
GLONASS satellites. These phase coherent 
measurements are combined to form a precise 
differential carrier ranging (DCR) solution that 
is used to provide three-dimensional position 
guidance of the aircraft throughout a precision 
approach and landing procedure. 
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Background of the Invention 

This invention relates generally to a more precise, 
reliable, and continuous navigation system using the 
GPS or GLONASS satellite based radionavigation 
system and more particularly to use of this navigation 
system as a precision approach and landing system 
for aircraft. 

The Global Positioning System (GPS) is a widely 
used satellite-based navigation system consisting of 
a network of satellites broadcasting pseudo-random 
noise (PRN) codes modulated on an L-band carrier 
(1575.43 MHz). A GPS receiver uses measurements 
of the PRN code-phase from four or more satellites to 
solve for the three-dimensional position of the receiv- 
er and to calibrate its internal time reference. The 
GPS receiver determines velocity from measure- 
ments of the carrier phase and doppler. Accuracy of 
the GPS solution is limited by the errors on the GPS 
signals and the geometry established by the posi- 
tions of the satellites relative to the user. Presently, 
neither the precision nor the coverage of the stan- 
dard positioning service provided by the proposed 
21-satellite constellation meets the requirements for 
a precision approach and landing system for aircraft. 

A common method for improving the precision of 
the standard positioning service is to broadcast differ- 
ential corrections to users of the service. A standard 
message format for these corrections is described in 
"RCTM Recommended Standards for Differential 
Navstar GPS Service," Version 2.0, RTCM Special 
Commitee No. 104, January, 1990. This method is 
used in the landing assistance system described in 
U.S. Patent No. 4,894,655 to Joquet et al. In accor- 
dance with these prior art teachings, the GPS accu- 
racy is improved through the transmission of differen- 
tial GPS corrections on a radio channel according to 
the standards of the microwave landing system 
known as MLS. However, this method requires that 
the useraircraft carry both an MLS and a GPS receiv- 
er. Moreover, this method does not address the prob- 
lem that the GPS satellite coverage is insufficient to 
provide a continuous and reliable precision approach 
and landing service. See Braff, R. and R. Loh, "Ana- 
lysis of Stand-Alone Differential GPS for Precision 
Approach,'* Proceeding of the RION Satellite Naviga- 
tion Conference, London, England, November, 1991. 
Differential GPS flight test results have also demon- 
strated that the accuracy provided using this method 
is only sufficient to meet a relaxed "Near CAT I" pre- 
cision approach requirement See Braff et al., supra, 
and L. Hogle, "Investigation of the Potential Applica- 
tion of GPS for Precision Approaches,", NAVIGA- 
TION, The Journal of the Institute of Navigation, Vol. 
35, No. 2, Fall, 1988. 

Test results documented in the prior art have 
demonstrated that GPS can provide sufficient accu- 
racy to meet precision approach and landing system 



requirements using the GPS carrier phase data to 
solve for the aircraft's position. See Landau, H. and 
G. Hein, "Precise Real-Time Differential GPS Posi- 
tioning Using On-the-fiy Ambiguity Resolution," Pro- 
5 ceedings of the RION Satellite Navigation Confer- 
ence, London, England, November, 1991. This proc- 
essing method is generally termed "Kinematic GPS" 
or "Carrier-Ranging" in the literature. In the prior art, 
GPS carrier measurements from a ground-based ref- 
10 erence receiver and the airborne receiver are proc- 
essed to solve for the precise relative position of the 
aircraft with respect to the ground facility. Test results 
have demonstrated real-time positioning accuracies 
of better than 10 cm using the method described by 
15 Landau et al., which is sufficient to meet CAT I, II, and 
III precision approach accuracy requirements. How- 
ever, the GPS satellite constellation does not provide 
sufficient coverage and redundancy to meet these 
operational requirements for a precision approach 
20 and landing system. 

One solution that has been proposed by the 
RTCM Special Committee No. 104 and others to im- 
prove the GPS satellite coverage is to augment the 
GPS satellite measurements with a range observa- 
25 tion from a ground-based transmitter, i.e. a pseudo- 
lite. In accordance with the teachings of the prior art, 
pseudolites have been proposed that broadcast a sig- 
nal at the same frequency as GPS (1 575.42 MHz) sc 
that the aircraft receiver can process this measure- 
30 ment as though it were another satellite. However, a 
pseudolite with this signal format will also act as a 
jammer to users operating near the transmitter, there- 
by preventing the receiver from tracking the GPS sat- 
ellites. This interference problem renders this techni- 
35 que unacceptable for use in a precision approach and 
landing system. The SC-104 reference, supra, and 
A. J. Van Dierendonck, "Concepts for Replacing Ship- 
board Tacan with Differential GPS," ION Satellite Di- 
vision Third International Technical Meeting, Sept.. 
40 1990, describe a time-slotted signal structure for a 
pseudolite which somewhat alleviates the foregoing 
problem. However, this pseudolite signal will still jam 
satellite signals at close range. Moreover, the time- 
slotted or pulsed signal format does not allow contig- 
45 uous carrier phase measurements to be made of the 
pseudolite signal. This means that the pseudolite sig- 
nal cannot be included in the carrier-ranging naviga- 
tion solution, and the time-slotting also affects the 
use of the pseudolite signal as a high-rate communi- 
so cation link for differential corrections. 

To avoid the possibility of the pseudolite signal 
jamming the satellite signals, the pseudolite signal 
can be broadcast at a different frequency from that of 
the GPS satellites. This is a similar approach to that 
55 described in U.S. Patent No. 4,866,450 to Chisholm 
wherein a ranging reference signal modulated with 
correction data is broadcast from a ground-based 
transmitter synchronized with GPS time. However, in 
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accordance with the teachings of Chisholm, the sig- 
nal is again time-slotted and so has the same disad- 
vantages as the pseudolite design described in the 
SC-104 reference, supra. Another disadvantage of 
the method described in the Chisholm patent is that 5 
a second receiver is required in the aircraft to process 
the ground station signals broadcast at the second 
frequency. The timing and frequency offsets between 
the GPS and second receiver will introduce a signifi- 
cant offset between the range measurements made 10 
by the two receivers. Although the additional meas- 
urement will improve the solution geometry, the re- 
ceiver offset will degrade the performance of the dif- 
ferential solution. Therefore, it is not believed that the 
teachings of Chisholm represent an improvement 15 
over those of Joquet et al. Based on test results, both 
of these methods will only meet a relaxed "Near CAT 
T precision approach requirement, as described in 
Braff et al., supra. 

20 

Summary of the Invention 

It is the principal object of the present invention 
to provide a precision approach and landing system 
for aircraft that is capable of the required accuracy, 25 
reliability, and continuity of service requirements of 
such systems. 

This and other objects are accomplished in ac- 
cordance with the illustrated preferred embodiment 
of the present invention by providing both a reference 30 
receiver and a pseudolite at a fixed facility on the 
ground and a single broadband GPS receiver on the 
aircraft. 

The present invention provides a GPS precision 
approach and landing system for aircraft, the system 35 
comprising: 

a pseudolite positioned at a fixed location on 
the ground, the pseudolite being operative for trans- 
mitting a pseudolite signal, the pseudolite signal in- 
cluding an assigned PRN code modulated on an L- 40 
band carrier signal having a frequency that is re- 
moved from an L1 GPS satellite frequency, the pseu- 
dolite signal being synchronized with GPS time by 
means of a GPS timing signal; 

a GPS reference receiver positioned at a fixed 45 
location on the ground and coupled to the pseudolite, 
the GPS reference receiver being operative for pro- 
viding said GPS timing signal for synchronizing said 
pseudolite signal with GPS time, for tracking GPS sat- 
ellite and pseudolite signals, and for computing differ- so 
ential GPS correction information comprising both 
pseudo-range and carrier-range correction informa- 
tion from reference information defining the position 
of the GPS reference receiver; 

the pseudolite being further operative for 55 
transmitting the computed differential GPS correction 
information computed by the GPS reference receiver 
to an aircraft performing a precision approach and 



landing procedure; 

the GPS precision approach and landing sys- 
tem further comprising a single receiver positioned on 
the aircraft, said single receiver comprising a broad- 
band GPS receiver operative for receiving the com- 
puted differential GPS correction information trans- 
mitted by the pseudolite and for performing phase co- 
herent measurements of L1 GPS satellite signals and 
L-band psuedolite signals to determine the three- 
dimensional position of the aircraft with respect to an 
approach path associated with the precision ap- 
proach and landing procedure. 

In a system as set forth in the last preceding 
paragraph, it is preferred that the L-band carrier sig- 
nal transmitted by said pseudolite is a spread spec- 
trum signal transmitted on a frequency within the 
range of 1610-1626.5 MHz. 

In a system as set forth in either one of the last 
two immediately preceding paragraphs, it is preferred 
that said GPS reference receiver and said broadband 
GPS receiver positioned on the aircraft are both op- 
erative for receiving signals from selected satellites 
comprising the GLONASS global navigation satellite 
system to determine the three-dimensional position 
of the aircraft. 

The present invention further provides a method 
employing GPS satellites for determining the three- 
dimensional position of an aircraft performing a pre- 
cision approach and landing, the method comprising: 
providing a pseudolite positioned at a fixed lo- 
cation on the ground for transmitting a pseudolite sig- 
nal, including an assigned PRN code, modulated on 
an L-band carrier signal having a frequency that is re- 
moved from an L1 GPS satellite frequency, the pseu- 
dolite signal being synchronized with GPS time; 

providing a GPS reference receiver positioned 
at a fixed location on the ground, the GPS reference 
receiver providing a GPS timing signal for synchron- 
izing the pseudolite signal with GPS time, the GPS 
reference receiver being operative for tracking GPS 
satellite and pseudolite signals and for computing dif- 
ferential GPS correction information comprising both 
pseudo-range and carrier-range correction informa- 
tion from reference information defining the position 
of the GPS reference receiver 

transmitting, by means of the pseudolite, the 
computed differential GPS correction information 
computed by the GPS reference receiver to said air- 
craft; 

providing a single receiver on said aircraft, 
said single receiver being a broadband GPS receiver 
operative for receiving the computed differential GPS 
correction information transmitted by the pseudolite 
and for performing phase coherent measurements of 
L1 GPS satellite signals and L-band pseudolite sig- 
nals to determine the three-dimensional position of 
said aircraft 

In carrying out a method as set forth in the last 
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preceding paragraph, it is preferred that the L-band 
carrier signal transmitted by the pseudolite comprises 
a spread spectrum signal transmitted on a frequency 
within the range of 1610-1626.5 MHz. 

In carrying out a method as set forth in either one s 
of the last two immediately preceding paragraphs, it 
is preferred that both the GPS reference receiver and 
the single broadband GPS receiver on said aircraft re- 
ceive signals from selected satellites comprising the 
GLONASS global navigation satellite system to deter- 10 
mine the three-dimensional position of the aircraft 

The GPS reference receiver tracks the GPS sat- 
ellite and pseudolite measurements and computes 
the differential GPS corrections based on knowledge 
of the location of the GPS reference receiver. This 15 
method represents an improvement over the prior art 
in that both pseudo-range and carrier-range correc- 
tions are included in the differential GPS message. 
This allows both a differential GPS solution to be 
computed using the pseudo-range measurements 20 
and a kinematic GPS solution to be computed using 
the carrier-phase measurements. In prior art real- 
time kinematic GPS implementations, such as descri- 
bed in the Landau et al. reference, supra, the com- 
plete measurement set is broadcast from the refer- 25 
ence receiver to the aircraft, thereby requiring a high 
bandwidth data link (9.6 kbps). The differential carrier 
ranging (DCR) solution of the present invention rep- 
resents an improvement over conventional kinematic 
GPS techniques in that only the carrier phase correc- 30 
tions are transmitted to the aircrai; rather than a 
complete set of pseudo-range and carrier-phase 
measurements. This allows a kinematic GPS solution 
to be implemented using only a 1 kbps data link up to 
the aircraft receiver. 35 

The pseudolite transmits a PRN code modulated 
on an L-band carrier signal, synchronized with GPS 
time through a timing signal provided by the reference 
receiver. In the preferred embodiment, the pseudolite 
signal is broadcast in the aeronautical radionaviga- 40 
tion (earth-to-space) band (161 0-1 626.5 MHz), which 
is aproximately 50 MHz above the L1 GPS frequency, 
although other frequency selections are possible. 
This signal is sufficiently distant, in frequency, from 
the GPS satellite signals that it will not interfere with 45 
GPS operation. The spread spectrum characteristics 
of the pseudolite signal allow it to be broadcast at suf- 
ficiently high power to operate at a distance of 100 
km, for example, from the airport yet not interfere 
with mobile communications services operating in so 
this frequency band. The spread spectrum signal 
characteristics of the pseudolite signal also allow mut- 
liple pseudotites to operate on the same frequency. 
The aircraft receiver can uniquely identify each pseu- 
dolite transmitter through its assigned PRN code. The 55 
pseudolite signal format includes a 1000 bps data ca- 
pacity that is used for broadcasting the DCR correc- 
tions to the aircraft The pseudolite message may 



also include details of the approach path to be used 
and other information of assistance in performing a 
precision approach and landing. 

The aircraft makes measurements of both the L1 
GPS satellite signals and the L-band pseudolite sig- 
nals using a broadband GPS receiver described in de- 
tail hereinbelow. The broadband GPS receiver of the 
present invention represents an improvement over 
the prior art in that it is capable of making phase co- 
herent measurements on both the GPS and pseudo- 
lite signals even though they are at different frequen- 
cies. Another advantage of the present invention over 
the prior art is the ability of the broadband GPS re- 
ceiver to also process signals received from the GLO- 
NASS satellite constellation. The GLONASS global 
navigation satellite system includes twenty-four sat- 
ellites that broadcast ranging signals in the frequency 
band of (1602.5625 - 161 5.5) + 0.511 MHz. Since this 
frequency band lies between the L1 GPS frequency 
and the proposed pseudolite frequency, the broad- 
band GPS receiver is capable of including GLONASS 
satellite measurements with the GPS and pseudolite 
measurements when computing its navigation solu- 
tion. To permit differential corrections to be induded 
in the message for the GPS, GLONASS, and pseu- 
dolite signals, the broadband GPS receiver is also 
used as the reference receiver. 

Brief Description of the Drawings 

Figure 1 is a block diagram illustrating ;ue pri- 
mary components of a GPS precision approach 
and landing system for aircraft in accordance 
with the present invention. 
Figure 2 is a diagram illustrating the frequencies 
of the satellite and pseudolite signals employed 
in the GPS precision approach and landing sys- 
tem for aircraft of Figure 1. 
Figure 3 is a graph illustrating pseudolite signal/noi- 
se ratio as a function of the distance between the 
aircraft and the pseudolite. 
Figure 4 is a graph illustrating the accuracy of the 
pseudolite measurement made by the broadband 
GPS receiver of Figure 1 as a function of distance 
from the transmitter. 

Figure 5 is a block diagram illustrating one em- 
bodiment of the pseudolite of Figure 1. 
Figure 6 is a flow diagram of the software em- 
ployed by the pseudolite PC controller of Figure 
5. 

Figure 7 is a block diagram illustrating one em- 
bodiment of the pseudolite code generator sec- 
tion of the pseudolite of Figure 5. 
Figure 8 is a block diagram illustrating one em- 
bodiment of the RF subsystem of the pseudolite 
of Figure 5. 

Figure 9 is a block diagram illustrating one em- 
bodiment of the broadband GPS receiver env 
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ployed as the reference receiver on the ground 
and as the receiver on board the aircraft in the 
GPS precision approach and landing system of 
Figure 1 . 

Figure 10 is a block diagram illustrating one em- 
bodiment of the preamplifier/digitizer subsystem 
employed in the broadband GPS receiver of Fig- 
ure 9 . 

Figure 11 is a block diagram illustrating one em- 
bodiment of the precorrelation processor subsys- 
tem employed in the broadband GPS receiver of 
Figure 9. 

Figure 12 is a block diagram illustrating one em- 
bodiment of the correlator chip component em- 
ployed in the broadband GPS receiver of Figure 
9. 

Figure 1 3 is a block diagram illustrating the func- 
tions performed by the software contained within 
the reference receiver of Figure 1 . 
Figure 14 is an illustration of a typical differential 
carrier ranging (DCR) message transmitted by 
the pseudolite to the broadband GPS receiver on 
board the aircraft of Figure 1 . 
Figure 1 5 is a block diagram illustrating the func- 
tions performed by the software contained within 
the broadband GPS receiver on board the air- 
craft of Figure 1 . 

Detailed Description of the Invention 

Referring now to Figure 1, the apparatus and 
method comprising the GPS precision approach and 
landing system for aircraft of the present invention 
utilizes several satellites of the GPS or GLONASSS 
satellite radionavigation systems and comprises a 
fixed ground station constituting a reference receiver 
1 0 and a pseudolite 20, and a broadband GPS receiv- 
er 30 located on board an aircraft 40. The reference 
receiver 10 tracks the satellite and pseudolite signals 
and computes the differential corrections to be broad- 
cast to the aircraft receiver 30. The pseudolite 20 gen- 
erates a signal synchronized to GPS time and modu- 
lated with the computed differential corrections. The 
broadband GPS receiver 30 on board the aircraft 40 
tracks the satellite and pseudolite signals, corrects 
the pseudo-range and carrier measurements with the 
differential data modulated on the pseudolite signal 
and computes the precise three-dimensional position 
of the aircraft 40. This position information is used to 
provide guidance to the aircraft 40 during a precision 
approach and landing procedure to a proposed land- 
ing site. The location of the landing site may also be 
included in the data message broadcast by the pseu- 
dolite 20. 

While this invention is susceptible of many differ- 
ent embodiments, there is shown in the appended 
drawings and described herein one specific embodi- 
ment that is considered to be an exemplification of 



the principles of the invention and is not intended to 
limit the invention to the specific embodiment illu- 
strated. 

Referring now to Figure 2, the frequencies em- 
5 ployed by the GPS and GLONASS satellite systems 
are illustrated. In the illustrated preferred embodi- 
ment of the present invention, the pseudolite signal is 
broadcast in the upper region of the aeronautical ra- 
dionavigation band (1621-1626.5 MHz) to prevent in- 
to terference with the GLONASS satellites or with radio 
astronomy signals. In the preferred embodiment, the 
pseudolite 20 operates on a carrier frequency of 1624 
MHz. 

The pseudolite signal format is described by the 

is equation PL(t) = S D(t) CA(t) cos 2trf pL t, where S is t he 
signal amplitude, D(t) is a 1 000 bps data stream, CA(t) 
is one of the 1023 C/A codes possible using the code 
generation method employed by the GPS satellites, 
and f PL is the carrier frequency of the pseduolite sig- 

20 nal. The typical signal/noise ratio of this signal re- 
ceived at the aircraft 40 is illustrated in Figure 3 as a 
function of distance of the aircraft 40 from the pseu- 
dolite 20. To allow the 1000 bps data (D(t)) to be de- 
modulated reliably from the pseudolite signal (BER < 

25 10~ 12 an Eb/NO figure of 14 dB is required. In accor- 
dance with the preferred embodiment, the pseudolite 
signal power is set at 100 mw which provides reliable 
operation at ranges out to 100 km from the airport. 
The accuracy of the pseudo-range measurement 

30 made by t he code tracki ng loops i n t he aircraft receiv- 
er 30 is a function of the received signal/noise ratio. 
An advantage of the present invention is the increase 
in precision of the pseudolite measurement as the air- 
craft 40 approaches the fixed ground facility. The 

36 pseudolite measurement variance is shown in Figure 
4 as a function of the range to the aircraft 40, assum- 
ing that a conventional delay-locked loop having a 
bandwidth of 1 Hz is implemented in the aircraft re- 
ceiver 30. Given a 100 mw pseudolite signal, the 

40 pseudo-range accuracy varies from 0.44 meters at 
1 00 km to better than 5 mm at distances of less than 
1 km. The pseudolite measurement precision is much 
better than the satellite measurements since the 
pseudolite signal is received at a higher level. Since 

45 the pseudolite signal is offset in frequency from both 
the GPS and GLONASS satellites, it does not inter- 
fere with their operation. 

Referring now to Figure 5, the pseudolite 20 com- 
prises a PC controller 22, a pseudolite code generator 

so 24, and an RF subsystem 26. The PC controller 22 
executes the software illustrated in Figure 6 to oper- 
ate the pseudolite 20 and to precisely synchronize the 
broadcast signal to a 1-pps input. This 1-pps signal is 
synchronized to GPS time by the reference receiver 

55 1 0 of Figure 1 . A design feature of the GPS precision 
approach and landing system of the present invention 
insures that any offset from GPS time in this 1-pps 
signal does not affect performance, since the refer- 



BNSDOCID: <EP 0S88598A1 _l_> 



9 



EP 0 588 598 A1 



10 



ence receiver 10 also tracks the pseudolite signal and 
provides a DCR correction for the pseudolite 20, in 
addition to the other satellites, in the DCR message. 

Referring now to Figure 7, the PC controller 22 
selects the C/A code to be broadcast by the pseudo- s 
lite 20 (1-1023) and synchronizes the code on the 
pseudolite signal with the 1-pps signal using the 
DTAU output from the signal generator 24. The DTAU 
output measures t he state of a NAV data chan nei 1 60, 
a C/A code generator 162, and an NCO 164 at the 1- 10 
pps trigger. The phase and frequency of the C/A code 
broadcast by the pseudolite 20 is adjusted by the con- 
trol loops in the PC controller 22 software of Figure 6 
by varying the code frequency entered into the signal 
generator code NCO 164. This adjusts the nominal 15 
1 .023 MHz frequency of the C/A code generator 162 
and the phase of the C/A code to synchronize them 
exactly with the 1-pps transitions. NCO 164 compris- 
es a 32-bit NCO to allow the code frequency to be de- 
fined to a resolution of 5.8 MHz. 20 

Referring now to Figure 8, the signal generator 
carrier frequency is generated using a 48-bit direct 
digital synthesizer (DDS) 60 which, like the C/A code 
generator 162 of Figure 7, is driven by the 50 MHz ref- 
erence oscillator 28. The frequency of DDS 60 is off- 25 
set by the estimated reference oscillator frequency 
offset derived in the PC controller 22 software of Fig- 
ure 6 to calibrate for the 50 MHz reference oscillator 
28 error relative to the 1-pps signal. The frequency of 
DDS 60 is also corrected to adjust for the reference 30 
oscillator frequency offset in an L-band synthesizer 
64. 

The PC controller 22 also receives the DCR cor- 
rections from the reference receiver 10 and formats 
them to be modulated on the pseudolite signal. The 35 
navigation data words are passed to the pseudolite 
code generator 24 where they are included in the 
pseudolite signal. 

The pseudolite code generator 24, illustrated in 
Figure 7, is implemented on a single chip and is instal- 40 
led on a card in the bus of the PC controller 22. The 
C/A code generator 162 can be set at any phase of 
the 1023 possible C/A codes by correctly initializing 
the G1 and G2 shift registers. The frequency of the 
C/A code is set using the 32-bit DelPhase input to t he 45 
code NCO 164. 

The initial phase of the C/A code signal is set to 
be synchronized with a 1-pps input (GPS time). The 
frequency is synchronized with the 1-pps signal by 
measuring the code phase offset (to 2~ 32 of a chip) at so 
each 1-pps increment and adjusting the DelPhase in- 
put to correct for any offset. 

The data words to be modulated on the pseudo- 
lite signal are provided as inputs from the PC control- 
ler 22. The data rate can be selected by the PC con- 55 
troller 22 to be any interval of 1 msec from 1 kHz (1 
msec period) to 50 Hz (20 msec period). The chip out- 
puts the C/A code signal exclusive-ORed with the 



navigation data signal provided by data channel 160. 
This output signal is used to modulate the pseudolite 
carrier in the RF subsystem 26 of pseudolite 20. 

Referring further to Figure 8, there is shown a 
representative implementation of the RF subsystem 
26 of Figure 5 that includes the DDS synthesizer 60, 
a BPSK modulator 62, a pair of bandpass filters 63 
and 68, an L-band synthesizer 64, and an output 
stage mixer 66 and amplifier 67. The DDS synthesiz- 
er 60 generates an IF carrier at a nominal frequency 
of 24 MHz which can be frequency and phase adjust- 
ed relative to the 50 MHz reference oscillator 28. The 
IF frequency is synchronized to GPS time under soft- 
ware control from the PC controller 22. The DDS syn- 
thesizer 60 employs a high- precision digital accumu- 
lator, sin ROM, D/A converter and filter to generate 
a sinusoid with better than milli-Hertz frequency re- 
solution. 

The BPSK modulator 62 introduces the pseudo- 
lite signal onto the IF carrier by either passing or 
phase reversing the carrier based on the pseudolite 
signal bits, depending on the binary state (1 or 0). The 
modulated signal is applied to the bandpass filter 63 
to limit the spectrum to the 5 MHz width of the pseu- 
dolite band. 

The L-band synthesizer 64 generates the high 
frequency local oscillator signal at a frequency of 
1600 MHz. This L-band synthesizer 64 is locked to 
the same 50 MHz reference oscillator 28 used to de- 
velop the pseudolite signal and IF carrier. The L0 sig- 
nal is used to mix the IF signal to the pseudolite output 
frequency of 1624 MHz. This stage is followed by the 
bandpass fitter 68 prior to amplification by output am- 
plifier 67. 

The output amplifier 67 is used to amplify the sig- 
nal to a 20 dBm (1 00 mW) power level for transmitting 
the pseudolite signal. The output amplifier 67 oper- 
ates in class A with sufficient linearity to meet the out- 
of-band spectrum suppression requirements. 

Referring now to Figure 9, there are shown the 
primary components of the broadband GPS receiver 
(8GR) 30 of Figure 1 that is employed to track the 
GPS, GLONASS, and pseudolite signals in the fixed 
ground station and on board the aircraft 40. The BGR 
30 comprises a digital front end 72, correlation chips 
74, and a microcomputer 76. A representative imple- 
mentation of the digital front end 72 comprises a pre- 
amplifier/digitizer subsystem 71 and multiple precor- 
relation processors 73. The purpose of the preampli- 
fier/digitizer 71 is to convert the received L-band sig- 
nal spectrum into a high rate digital data stream. This 
data is processed by the precor relation processor 73 
to digitally filter the data down to a lower bandwidth 
digital data sequence at a selected frequency in the 
broadband receiver frequency range. These digital 
data sequences are then processed in the correlator 
chips 74 in a similar fashion to the data provided from 
a conventional digital GPS receiver design, such as 
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those described in "All-Digital GPS Receiver Mech- 
anization," P.C. Ould and R.J. VanWechel, Global 
Positioning System papers, Vol. II, pp. 25-36, publish- 
ed by the Institute of Navigation. The highly digital ar- 
chitecture of the BGR design eliminates unknown 
phase variations between the different signal proc- 
essing channels. 

Referring now to Figure 10, there is shown a rep- 
resentative implementation of the preamplifier/digitiz- 
er subsystem 71 of Figure 9. The antenna output sig- 
nal is bandlimited to 80 MHz centered at 1600 MHz 
(approximately midway between the L1 GPS frequen- 
cy and the pseudolite frequency) to eliminate out-of- 
band interfering signals. The bandlimited signal is 
amplified by a wideband low-noise amplifier 82 to set 
the system noise figure. The amplified signal is again 
bandlimited to 80 MHz centered at 1600 MHz to ban- 
dlimit the noise. This bandlimited signal is quantized 
to 1 bit by a GaAs comparator 84 and sampled by a 
GaAs latch 86. A sampling clock signal is generated 
from a low phase noise 160 MHz reference oscillator 
88. The 160 Mbps digitized signal data is provided to 
the precor relation processor 73 along with the 160 
MHz sampling clock signal. 

The 1 60 MHz sampling rate was selected to pro- 
vide the capability for processing the GPS, GLO- 
NASS, and pseudolite signals at the proposed fre- 
quency. Other sampling rates can be accommodated 
simply by changing the initial filter bandwidth and the 
sampling clock rate. 

Referring now to Figure 11, there is shown a rep- 
resentative implementation of the precorrelation 
processor 73 of Figure 9. The sampled signal data is 
clocked into an 8-bit ECL shift register 92 by the 160 
MHz sampling clock signal provided by reference os- 
cillator 88. The sampling clock signal is divided down 
to a 20 MHz logic clock by a GaAs -8 divider 94. A 20 
MHz logic clock is used to latch the state of the 8-bit 
shift register 92 in an 8-bit ECL latch 96. The logic 
clock is also used to clock two 8-bit CMOS NCOs 98, 
one set for L1 GPS frequency and the other set for t he 
pseudolite center frequency. The 8 MSBs of each 
NCO 98 are combined with the 8-bit latch 96 to ad- 
dress two lookup tables (LUTs) 100, one for L1 and 
one for the pseudolite 20. The LUTs are used to per- 
form a complex multiplication and accumulation oper- 
ation on the 8 bits of phase (0) and the eight bits of 
data (D). The LUTs are loaded with the in-phase and 
quadrature accumulated signals as a function of the 
LUT 16-bit address [0,D]. 
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The 4-bit outputs of each of the LUTs 100 provide 
the filtered L1 and pseudolite signal I and Q samples 
at 20 MHz. These samples and t he 20 MHz logic clock 
are provided to the correlator chips 74 of Figure 9 for 

5 signal processing. 

In the embodiment illustrated in Figure 11, the 
precorrelation processor 73 includes one NCO 98 set 
at the L1 GPS frequency and a second NCO 98 set 
at the pseudolite center frequency, thereby providing 

w data from both the GPS satellites and the signal 
transmitted by the pseudolite 20. By including addi- 
tional NCOs 98 set dt the GLONASS satellite frequen- 
cies, the precorrelation processor 73 can also provide 
GLONASS satellite signals to the correlator chips 74 

is for signal processing and eventual inclusion in the 
navigation solution. 

The correlator chips 74 of Figure 9 perform the 
functions of code correlation, carrier mixing, and ac- 
cumulation in a similar fashion to that performed in a 

20 conventional digital GPS receiver design . A represen- 
tative implementation of a single correlator on the 
code correlator chip is illustrated in Figure 12. Multiple 
correlators may be provided per chip and multiple 
correlator chips 74 may also be used in the BGR de- 

25 sign to provide a multi-channel receiver architecture. 

The correlator chip 74 includes the logic to gen- 
erate the GPS C/A codes or the GLONASS code. The 
code to be tracked is selected under the receiver 
processor software control by downloading the G1 

30 and G2 initial register states. A code NCO 101 is used 
to clock a code generator 1 02. The initial phase of the 
code NCO 101 is also set through software control at 
a 1 KHz rate. The code correlation function is per- 
formed through an exclusive OR (XOR) logic module 

35 1 03 on the I and Q sign bits. A carrier NCO 1 04 is used 
to generate the in-phase and quadrature signals I* Q* 
under control from the receiver processor using a 
sin/cos look-up table 106. The I and Q signals are ac- 
cumulated over a 1 msec period in four up-down 

40 counters 105 to form the IQMI*,QI*, and QQ* com- 
plex pairs. The receiver processor software closes 
the code and carrier tracking loops using the 1 KHz 
data from the correlator chip 74. 

A broadband GPS receiver is employed as both 

45 the reference receiver 1 0 and the aircraft receiver 30 
of Figure 1. The functions performed by the reference 
receiver 10 software are illustrated in Figure 1 3. This 
software is executed by the receiver processor 76 of 
Figure 9. A code and carrier tracking module 110 han- 

50 dies the interface to the correlator chips 74 and 
closes the code and carrier tracking loops in accor- 
dance with conventional techniques described in the 
Ould et al. reference, supra. The code and carrier 
tracking loops measure the pseudo-range and carrier 

55 phae of the GPS, GLONASS, and pseudolite signals 
and also demodulate the navigation data on the GPS 
and GLONASS signals and on the 1000 bps data in- 
cluded on the pseudolite signal. A conventional delay 
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lock loop may be used to perform code tracking and 
to control the TAU input to the correlator chip 74. A 
conventional Costas loop may be used to track the 
carrier and to control the Phase and DelPhase NCO 
inputs to the correlator chip 74. 

The satellites to be tracked by the correlator 
chips 74 are selected by a satellite selection module 
112. This module also selects the satellite and pseu- 
dolite signals for which differential corrections are to 
be generated for broadcast to the aircraft 40. 

A DCR measurement estimation module 142 
computes the carrier ranges by filtering the PR meas- 
urements and solving for the carrier cycle ambiguity 
as is performed in a conventional kinematic GPS sol- 
ution, such as that described in the Landau et a), ref- 
erence, supra. The filtered PR measurements are 
used to estimate the ionospheric offset between the 
pseudo-range and the carrier phase observations 
and also to "bias fix" the carrier phase measurements 
to create carrier ranges. 

In the DCR correction generator module 143, the 
carrier- range measurements are corrected for the re- 
ceiver clock offset and used to estimate the range and 
range rate corrections to be broadcast to the aircraft 
receiver 40. A DCR message generation module 116 
generates the DCR message to be broadcast on the 
pseudolite signal. In order to minimize the delay time, 
this message is sent one word at a time to the pseu- 
dolite 20. Each subframe includes the most recent 
DCR corrections, each with its current reference time 
(Z-count). A representative message format is illu- 
strated in Figure 14. 

A clock calibration module 118 employs a filter 
having a long time constant to compute the best esti- 
mate of the receiver clock offset from GPS time. A 1 - 
pps synchronization control module 120 is used to 
control a 1 -pps signal output so that it is synchronized 
to the best estimate of GPS time. This signal output 
is provided to the pseudolite 20 to synchronize the 
pseudolite signal to GPS time. 

Referring now to Figure 15, there is shown a 
functional diagram of the software included in the air- 
craft receiver 30. This software computes a differen- 
tial carrier ranging solution from the satellite and 
pseudolite measurements that is used to provide 
guidance information to the aircraft 40 throughout the 
precision approach and landing. 

A code and carrier tracking module 1 30 performs 
the same functions as code and carrier tracking mod- 
ule 110 performs in the reference receiver software 
shown in Figure 1 3 and described above. A pseudolite 
message decode module 140 decodes the 1000 bps 
data on the pseudolite signal. This includes the DCR 
measurement corrections which are passed to the 
measurement estimation algorithm. 

A DCR measurement estimation module 142 
computes the carrier ranges by filtering the PR meas- 
urements corrected by the DCR data and by solving 



for the carrier cycle ambiguity as is performed by the 
reference receiver 10. 

In the NAV/integrity module 144, the resulting 
carrier-range observations are then corrected with 
5 the DCR corrections from the pseudolite message. 
The carrier-range observations are passed to the 
NAV/integrity module 144. The differential carrier- 
range measurement residuals are calculated using 
the broadcast satellite and pseudolite positions and 
10 the current estimate of user position. The integrity 
check makes use of the redundancy in the satellite 
and pseudolite measurements to determine whether 
any measurements are invalid. The navigation solu- 
tion is computed from the validated measurement re- 
ts siduals and provided to the aircraft guidance comput- 
er for computation of course deviation corrections 
and/or for automatic flight control. 



20 Claims 

1. A GPS precision approach and landing system for 
aircraft, the system comprising: 

a pseudolite positioned at a fixed location 

25 on the ground, the pseudolite being operative for 

transmitting a pseudolite signal, the pseudolite 
signal including an assigned PRN code modulat- 
ed on an L-band carrier signal having a frequency 
that is removed from an L1 GPS satellite frequen- 

30 cy, the pseudolite signal being synchronized with 

GPS time by means of a GPS timing signal; 

a GPS reference receiver positioned at a 
fixed location on the ground and coupled to the 
pseudolite, the GPS reference receiver being op- 

35 erative for providing said GPS timing signal for 

synchronizing said pseudolite signal with GPS 
time, for tracking GPS satellite and pseudolite 
signals, and for computing differential GPS cor- 
rection information comprising both pseudo-ran- 

40 ge and carrier-range correction information from 

reference information defining the position of the 
GPS reference receiver; 

the pseudolite being further operative for 
transmitting the computed differential GPS cor- 

45 rection information computed by the GPS refer- 

ence receiver to an aircraft performing a preci- 
sion approach and landing procedure; 

the GPS precision approach and landing 
system further comprising a single receiver posi- 

50 tioned on the aircraft, said single receiver com- 

prising a broadband GPS receiver operative for 
receiving the computed differential GPS correc- 
tion information transmitted by the pseudolite 
and for performing phase coherent measure- 

55 ments of L1 GPS satellite signals and L-band 

pseudolite signals to determine the three- 
dimensional position of the aircraft with respect 
to an approach path associated with the preci- 
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sion approach and landing procedure. 

2. A GPS precision approach and landing system for 
aircraft as in claim 1 wherein the L-band carrier 
signal transmitted by said pseudolite is a spread 
spectrum signal transmitted on a frequency with- 
in the range of 1610-1626.5 MHz. 

3. A GPS precision approach and landing system for 
aircraft as in either one of claims 1 and 2 wherein 
said GPS reference receiver and said broadband 
GPS receiver positioned on the aircraft are both 
operative for receiving signals from selected sat- 
ellites comprising the GLONASS global naviga- 
tion satellite system to determine the three- 
dimensional position of the aircraft. 

4. A method employing GPS satellites for determin- 
ing the three-dimensional position of an aircraft 
performing a precision approach and landing, the 
method comprising: 

providing a pseudolite positioned at a fixed 
location on the ground for transmitting a pseudo- 
lite signal, including an assigned PRN code, 
modulated on an L-band carrier signal having a 
frequency that is removed from an L1 GPS satel- 
lite frequency, the pseudolite signal being syn- 
chronized with GPS time; 

providing a GPS reference receiver posi- 
tioned at a fixed location on the ground, the GPS 
reference receiver providing a GPS timing signal 
for synchronizing the pseudolite signal with GPS 
time, the GPS reference receiver being operative 
for tracking GPS satellite and pseudolite signals 
and for computing differential GPS correction in- 
formation comprising both pseudo-range and 
carrier-range correction information from refer- 
ence information defining the position of the GPS 
reference receiver; 

transmitting, by means of the pseudolite, 
the computed differential GPS correction infor- 
mation computed by the GPS reference receiver 
to said aircraft; 

providing a single receiver on said aircraft, 
said single receiver being a broadband GPS re- 
ceiver operative for receiving the computed dif- 
ferential GPS correction information transmitted 
by the pseudolite and for performing phase co- 
herent measurements of L1 GPS satellite signals 
and L-band pseudolite signals to determine the 
three-dimensional position of said aircraft. 

5. A met hod as in claim 4 wherein the L-band carrier 
signal transmitted by the pseudolite comprises a 
spread spectrum signal transmitted on a frequen- 
cy within the range of 1610-1626.5 MHz. 

6. A method as in either one of claims 4 and 5 



wherein both the GPS reference receiver and the 
single broadband GPS receiver on said aircraft 
receive signals from selected satellites compris- 
ing the GLONASS global navigation satellite sys- 
5 tern to determine the three-dimensional position 

of the aircraft. 
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